We lack non-invasive tools for evaluating the coronary and renal microcirculations. Since cutaneous Doppler laser exploration has evidenced impaired cutaneous microvascular responses in coronary artery disease and in impaired renal function, we wanted to find out if there was a link between the impairments in the cutaneous and renal microcirculations. To specify the significance of the rise in the renal resistive index (RI), which is still unclear, we also sought relations between RI and arterial stiffness. We conducted a cross-sectional controlled study in a heterogeneous population including hypertensive patients of various ages with or without a history of cardiovascular disease along with a healthy control group. The cutaneous microcirculation was evaluated by laser Doppler flowmetry of the post-occlusive reactive hyperhemy (PORH) and of the hyperhemy to heat. The renal microcirculation was evaluated by measurement of the RI. Arterial stiffness was evaluated from an ambulatory measurement of the corrected QKD 100-60 interval. We included 22 hypertensives and 11 controls of mean age 60.6 vs 40.8 years. In this population, there was a correlation between RI and basal zero to peak flow variation (BZ-PF) (r ¼ À0.42; P ¼ 0.02) and a correlation between RI and rest flow to peak flow variation (RF-PF) (r ¼ À0.44; P ¼ 0.01). There was also a significant correlation between RI and the corrected QKD 100-60 (r ¼ À0.47; P ¼ 0.01). The significant correlation between PORH parameters and RI indicates that the functional modifications of the renal and cutaneous microcirculations tend to evolve in parallel during ageing or hypertension. The relation between RI and arterial stiffness shows that RI is a compound index of both renal microvascular impairment and the deterioration of macrovascular mechanics.
Introduction
In daily clinical practice, the possibilities of evaluating the quality of the microcirculation of certain territories of 'vascular' patients are relatively limited compared with the many tools for evaluating 'large vessels'. However, even in the absence of significant impairment of the large vessels, a deterioration in the microcirculation might cause certain complications such as impaired renal function, blindness, neuropathy, myocardiopathy and mental dysfunction. Examination of the ocular fundus, measurement of the transcutaneous oxygen pressure and capillaroscopy have been the main clinical tools for evaluating the microcirculation. More recently, the renal resistive index (RI) calculated from pulsed Doppler flow at the interlobular arteries have been proposed for evaluating the renal microcirculation.
1-3 However, we still lack simple tools for evaluating the coronary and cerebral microcirculations. In this context, study of the cutaneous microcirculation has been the subject of numerous investigations. 4, 5 Laser Doppler flowmetry (LDF) can determine alterations in the blood flow of the capillaries over a small area of skin after applying various stimuli. This technique has evidenced deteriorations during ageing, diabetes and hypertension. [6] [7] [8] [9] [10] [11] [12] However, this technique will only be of value if the cutaneous microcirculation can be used as a mirror of the vital territories (cerebral, renal and coronary), which are more difficult to access. Indeed, Holowatz et al. 13 recently urged for study of the relations between the pathological modifications of these different microcirculations.
To study the relations between the renal and cutaneous microcirculations, we carried out an exploration of the cutaneous microcirculation by LDF followed by measurement of the RI of healthy subjects and hypertensive patients of different ages. In parallel, the same subjects benefited from measurement of arterial rigidity by analysis of corrected QKD 100-60 interval, obtained from ambulatory measurement of blood pressure (ABPM). Indeed, it has recently been suggested that RI might be a marker of the cardiovascular risk in the hypertensive. 14 We suggest that this could be accounted for by its relations with both the micro-and the macrocirculations.
Materials and methods
This was a pilot study conducted on a small sample of patients and healthy controls.
Studied population
Taking into account the exploratory character of this study, the population of hypertensives had different ages in order to survey the range of normal to highly impaired microcirculation. We studied two quite distinct groups: hypertensive patients and healthy controls.
Inclusion criteria for patients
Treated or untreated hypertensives with elevated ABPM (24 h mean BP4130/80). Those with good quality ABPM-QKD recordings, namely 480% of the 96 measurements programmed over 24 h validated after manual elimination of aberrant measurements. Verification of good detection of the last Korotkoff sound corresponding to the diastolic pressure by the microphone by analyzing the slope of the QKD/diastolic blood pressure (DBP) relationship, which must be negative. Renal echo-Doppler of good quality defined by the ability to formally exclude renal arterial stenosis and a Doppler flow recording providing a reliable measurement of systolic and diastolic velocities at six different sites (three measurements per kidney: upper, middle and lower segments).
Inclusion criteria for controls
Good quality ABPM-QKD recording (same criteria as for the patients) and normal blood pressure (24 h mean blood pressure o130/80). Absence of self-reported cardiovascular, renal or other chronic disease. Renal echo-Doppler of good quality (same criteria as for the patients).
Exclusion criteria
Renal arterial stenosis. Single kidney or other renal abnormality.
Evaluation of the cutaneous microcirculation Materials. Recording of the cutaneous blood flow of a small surface of skin with a laser Doppler probe (small angle thermostatic probe 457, PERIMED FRANCE, Craponne, France) fixed on the skin previously cleansed with acetone by a transparent sticky strip, connected to a laser Doppler module (Periflux System 500, PERIMED FRANCE) connected to a computer. This probe includes a heat channel, which can heat an area of skin from a thermal module (Peritemp 400S Heater, PERIMED FRANCE). The results are expressed in arbitrary laser Doppler units (U) or in unit seconds (Us) for the area under the curve of occlusion (AO) and of post-occlusive hyperhemy (AH). The variations of cutaneous blood flow during applications of the various vasoactive stimuli were recorded and then processed semi-automatically using Perisoft software (PERIMED FRANCE).
Fitting of device. The patients who had fasted for at least 4 h, lay on their backs for 15 min in an airconditioned quiet room whose temperature ranged from 21 to 24 1C. An arm-band was fixed on the right arm. The laser Doppler probe was placed on the ventral side of the right forearm 10 cm from the wrist crease, on the centre line away from hairy areas and surface veins of the patient.
Recording. We performed a continuous recording of laser Doppler flow during 12 min, starting with the rest flow (RF) for 3 min then throughout the application of the vasoactive stimuli.
Vasoactive stimuli. Post-occlusive reactive hyperhemy (PORH): Inflation of the arm-band to a suprasystolic pressure, around 200 mm Hg for 3 min provided a biological zero of the laser flow (BZ) as well as the area under the curve of the occlusion phase (AO). Then abrupt deflation enabling analysis of the various criteria of PORH: peak flow (PF), rise time to the peak flow (TM), the time of half-rise to peak (TH1), the time of half-return to the resting flow (TH2) and the area under the curve of the postocclusive hyperhemy zone (AH).
Maximum hyperhemy by heating the cutaneous zone of interest to 44 1C: After the return to the resting flow following the PORH (individually assessed but in general in 3 min following deflation of the arm-band) powering up the heating module connected to the probe bringing the area of skin under study to 44 1C, enabled recording of a plateau of hyperhemy, with a peak flow (PF 44 1C) and the average over the third minute of heating (mean 44 1C).
Data processing. The data were analyzed semiautomatically with the Perisoft software. The zones were positioned manually corresponding to the resting flow, flow on occlusion of the humeral artery, the PORH and the third minute of heating to 44 1C. The software calculated laser Doppler flows in arbitrary laser Doppler unit at rest (RF), at the time of occlusion (BZ), at the peak after deflating the arm-band (PF) and during the plateau of hyperhemy to 44 1C (maximum flow: PF 44 1C and average of the plateau over the third minute of heating: mean 44 1C). It also calculated the variation (%) between RF and PF and between BZ and PF, the rise time to the peak (TM) and times of half-rise (TH1) and half-fall (TH2) in seconds as well as the area under the curve of the zone of occlusion (AO) and of the zone of post-occlusive reactive hyperhemy (AH) in Units Â second and AH/AO ratio.
Measurement of RI.
This was conducted immediately after the cutaneous LDF with an iE33 echograph (Philips, Amsterdam, The Netherlands) and a S5-1 probe (Sector Array transducer 5-1 MHz, Philips). Echo-Doppler of the kidneys and the renal arteries excluded arterial stenosis or a single kidney. Pulse Doppler flows were recorded in the interlobular arteries in the upper, middle and lower third of the left and right kidneys determining maximum systolic velocity (MSV) and end-diastolic velocity (EDV). RI was calculated from the formula ((MSV-EDV)/MSV)) and the mean of six readings was used for the statistical analysis.
ABPM coupled with the measurement of QKD interval. This was carried out on the same day as the other measurements or in the previous month. A Dyasis Integra (Novacor, Rueil-Malmaison, France) instrument was used. The arm-band was placed on the left arm. Blood pressure was measured every 15 min over 24 h by an auscultatory method. Automatic coupling with ECG recording enabled for each measurement calculation of the QKD interval, interval between the onset of the QRS to the last sound detected in diastole by the microphone positioned on the brachial artery. From the set of measurements the following values were calculated: mean systolic blood pressure over 24 h (mean SBP), mean diastolic blood pressure over 24 h (mean DBP), mean pulse pressure over 24 h (mean PP), mean blood pressure over 24 h (mean MBP) and the mean QKD interval over 24 h. The software also calculated the corrected QKD 100-60 automatically, the theoretical QKD interval for a SBP of 100 mm Hg at a heart rate of 60 beats per minutes, corrected by the duration of QRS complex according to formula QKD 100-60 corr ¼ QKD 100-60 -(QRS duration (ms)-80). This index is a validated indicator of arterial stiffness, correlated with cardiovascular risk in hypertensive patients.
Statistical analysis
The statistical analyses were performed using SPSS software version 17 (SPSS Inc, Chicago, IL, USA). We carried out the descriptive analysis of the groups of patients and controls and then compared their characteristics by Mann-Whitney U-test. We also carried out univariate regression analyses to identify relations between RI and the various laser Doppler parameters and then between RI and the ABPM-QKD parameters. Taking into account the small sample size and a non-normal distribution, a non-parametric test (Spearman's r) was employed for the correlation analysis.
Results

Description and comparison of the two groups
The study included 22 patients and 11 controls, whose main characteristics are presented in Table 1 . A cutaneous laser Doppler recording is illustrated in Figures 1 and 2 . The patients were older, had a greater body weight, a higher SBP and a shorter corrected QKD 100-60 . In all, 3 patients were diabetic and 20 patients were receiving treatment with one or more antihypertensive drugs (ACEI: 3 patients, ARA2: 6 patients, calcium inhibitor: 10 patients, diuretic: 8 patients and b-blocker: 3 patients) and 7 had a history of cardiovascular disease (stroke, arteritis of lower limbs and coronaropathy). With respect to the LDF data, there was no significant difference between the two groups, that is, in RF or in AH and AO. On the other hand, BZ-PF variation and RF-PF variation, as well as the AH/AO ratio were significantly lower in the patient groups (531 vs 867; P ¼ 0.001), (200 vs 385; P ¼ 0.004), (0.69 vs 1.23; P ¼ 0.02), indicative of an impairment of their PORH compared with the controls. TH1 was also significantly longer in the patients (1.9 vs 1; P ¼ 0.003). TM, TH2 and PF 44 1C did not differ significantly between the two groups. 
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Relations between the renal and cutaneous microcirculations The univariate regression analyses carried out between RI and LDF parameters evidenced a significant correlation between RI and BZ-PF variation (r ¼ À0.42; P ¼ 0.02) (Figure 3) , between RI and RF-PF variation (r ¼ À0.44; P ¼ 0.01) ( Figure 4 ) and between RI and TH1 (r ¼ 0.35; P ¼ 0.048). There was no correlation between RI and the AH/AO ratio (r ¼ À0.29; P ¼ 0.1), or with any of the other parameters of the cutaneous laser Doppler examination. In fact the parameters that were impaired in the patients compared with controls were those whose distribution was correlated with that of RI. There was also a negative correlation between BZ-PF variation and age (r ¼ À0.37; P ¼ 0.03) and between RF-PF variation and age (r ¼ À0.41; P ¼ 0.02).
Relations between RI and the QKD parameters
The univariate analysis detected a significant negative correlation between RI and the corrected QKD 100-60 (r ¼ À0.44; P ¼ 0.01) ( Figure 5 ) and between RI and mean PP (r ¼ 0.51; P ¼ 0.003). There was no correlation between RI and mean MBP (r ¼ À0.26; P ¼ 0.15).
Discussion
Relation between the states of the renal and cutaneous microcirculations We evidence here for the first time a significant correlation between the renal microcirculation evaluated by the calculation of the RI and the cutaneous microcirculation evaluated by the post-occlusive hyperhemy reaction observed by LDF (correlation between RI and BZ-PF (r ¼ À0.42; P ¼ 0.02) and correlation between RI and RF-PF (r ¼ À0.44; P ¼ 0.01)). Although this result needs to be confirmed in larger populations, it indicates that the microcirculations in these two territories evolve in steps.
Impairment of PORH but not hyperhemy at 44 1C in the hypertensive
This study included a population of young healthy volunteers with no history of cardiovascular disease, and a group of older hypertensive patients, including three diabetics and seven with a history of cardiovascular disease. The resting laser Doppler flow and those at the time of the maximum vasodilation obtained by heating to 44 1C were comparable between the two groups. By contrast, the functional response to a 3-min ischaemia (named as PORH) was significantly impaired in the patients, with a slower and less intense response (longer TH1, lower RF-PF variation, lower BZ-PF variation and lower AH/AO ratio). This was indicative of a reduced functional response of the cutaneous microcirculation after ischaemia in the hypertensive patients. In contrary to Carberry et al., 7 our results did not show a reduction in maximum laser Doppler flow during cutaneous heating in the hypertensives compared with the controls (160 vs 175, P ¼ NS). This discordance can be accounted for by methodological differences. Indeed, cutaneous heating stems from the vasodilation from the inhibition of smooth arteriolar muscle tone via the action of nitric oxide, which generally appears in two successive peaks, the first during the first 3 min of heating, the second more intense but delayed by almost 30 min. 15, 16 In our study, we only recorded laser Doppler flow during the first 3 min of heating to 44 1C whereas Carberry recorded this flow over 40 min at a temperature of 42 1C. Serné 17-19 using videocapillaroscopy showed that hypertensives have both functional and structural capillary loss in the skin. The laser Doppler flow corresponding to the first peak of vasodilatation that we recorded may not correspond to the maximum vasodilation and may not be a good witness of capillary density. It is also possible that our sample was too small to evidence a difference between these two groups.
As in our study, Stewart 20 failed to find any difference between a group of patients with chronic renal insufficiency and a control group, either for maximum flow and the area under the PORH curve, or for the flow at the first peak of vasodilation to heat. By contrast, he noted a significant decrease in maximum flow of the second peak in the renal patients. Our recording was perhaps too short to observe the flow corresponding to the maximum vasodilation.
It should also be borne in mind that 20 out of our 22 patients were receiving antihypertensive treatment. It is possible that these treatments modify the PORH and the hyperaemic reaction to heating, and it is known that antihypertensive agents such as ACEI, but not dihydropyridines can modify the RI. 21 We deliberately examined the patients without altering their treatment in order to carry out our microcirculatory evaluation under normal conditions. To our knowledge there are no reports on the impact of the various classes of antihypertensive agents on the cutaneous microcirculation.
Cutaneous microcirculation as a model of the total microcirculation? Several authors have pointed out the interest of a simple and non-invasive evaluation of the cutaneous microcirculation which might mirror the renal microcirculation and even the cardiac and cerebral ones. 5, 13 Nevertheless, the structural modifications (arteriolar remodelling and capillary loss) may not well evolve similarly in territories subjected to quite different haemodynamic constraints. Our results cannot answer this question. On the other hand, by evidencing a significant correlation between PORH and RI our results indicate that the functional modifications of the renal and cutaneous microcirculations during ageing and hypertension may occur in steps.
The cutaneous microcirculation is subjected to major physiological variations, essentially due to its role in thermoregulation. The study of the PORH under conditions at rest several hours after ingestion of food and at a strictly controlled temperature, and by referencing the maximum flow to the resting flow or the zero biological one nevertheless seems a simple and non-invasive way of evaluating impairment in the microcirculation. 4, 22 By showing the prognostic value of the measurement of the media/ lumen ratio of the small arteries of gluteal fat, Rizzoni et al. 23 demonstrated that study of the structure of peripheral small arteries would be of value for the assessment of cardiovascular risk in such patients. This study demonstrated that evaluation of the microcirculation of peripheral territories is of real interest for vascular evaluation of hypertensive patients. Biopsy of gluteal fat appears rather impractical for large-scale studies designed to stratify risk. By contrast, cutaneous laser Doppler is a non-invasive tool, which could be used clinically. It would of interest to find out whether the functional impairments we describe at the cutaneous level by laser Doppler have a similar value to that of the media/lumen ratio. That would seem likely if the impairment in the cutaneous microcirculation evolves in parallel with that in brain, heart and kidneys.
Various teams have demonstrated concomitant impairment of the cutaneous microcirculation and myocardial perfusion. Sax et al. 24 and Pedrinelli et al. 25 have both shown that patients presenting chest pains despite angiographically normal large coronary trunks (Syndrome X) have elevated vascular resistances compared with controls following ischaemia of the forearm. Jung et al. 26 also showed a deterioration of PORH in patients receiving heart transplants. Shamim-Uzzaman et al. 27 noted a delayed and reduced PORH in patients with coronary diseases compared with controls. Taken together, these findings are in favour of the link between abnormalities of the cutaneous microcirculation and those (less easy to observe) of the coronary microcirculation.
While noting the close links between the renal and cutaneous microcirculations, our study brings an additional argument in favour of exploration of the cutaneous microcirculation in 'vascular' patients. However, the prognostic value of the observed impairments will need confirmation in exploratory studies.
Place of RI in the evaluation of the vascular patient Our study also showed for the first time a significant correlation between RI and the arterial rigidity evaluated by the corrected QKD 100-60 (r ¼ À0.44; P ¼ 0.01). The corrected QKD 100-60 is an indication of arterial stiffness, correlated with the cardiovascular risk of hypertension, independently of the conventional cardiovascular risk factors. 28 One of its major advantages is that it is independent of the instantaneous value of the blood pressure in contrast to the measurement of the pulse wave velocity. 29 In a rabbit kidney perfused ex vivo, Tublin et al. 30 noted a closer link between RI and the index of pulse pressure (PP/SBP) than with renal vascular resistances, indicating that central hemodynamic factors have an important role in the alteration in RI. By contrast, showing a correlation between RI and histological study of the renal tissues 31 and correlation between RI and renal vascular resistances in patients with renal insufficiency 3 several authors have showed the importance of impairments in the renal microvascular bed in modifications of RI. In a recent leading article, Hausberg et al. 32 summarized the debate opposing those for which RI reflects renal vascular resistances and the impairments of the renal vascular bed and those for which it is an indication of impairment of the arterial system in general. Our results showed a link between RI and arterial stiffness, as well as a relationship between RI and the microcirculation. These results put RI in its anatomical place, between the large vessels and the microcirculation. RI is the ratio of the difference between MSV and the EDV of the blood in the interlobular arteries to MSV of the same flow ((MSV-EDV)/MSV). The rate of travel of a fluid is related to the gradient of pressure between two sectors. This pressure gradient depends on the hemodynamic power, which has a stable (MBP) and a pulsatile component (PP), but also on the peripheral resistance, which is affected by the functional and structural state of the renal microcirculation. RI is thus a compound index indicative of both microvascular (arteriolar remodelling, endothelial dysfunction and capillary loss) and macrovascular impairments (arterial stiffness and elevation in pulse pressure) occurring with age, hypertension and diabetes.
The existence, in hypertensive patients, of a significant correlation between RI and impairments of target organs (urinary albumin/creatinine ratio, the index of left ventricular mass and intima media thickness 14, 33 ) points to RI being a marker of cardiovascular risk. 33 Our results are consistent with this view by showing that RI is an integral compound index of both micro-and macrovascular impairments.
